Wuchereria bancrofti (Wb) is the most widely distributed of the three nematodes known to cause lymphatic filariasis (LF), the other two being Brugia malayi and B. timori. Current tools available to monitor LF are limited to diagnostic tests targeting DNA repeats, filarial antigens, and antifilarial antibodies. While these tools are useful for detection and surveillance, elimination programs have yet to take full advantage of molecular typing for inferring infection history, strain fingerprinting, and evolution. To date, molecular typing approaches have included whole mitochondrial genomes, genotyping, targeted sequencing, and random amplified polymorphic DNA (RAPDs). These studies have revealed much about Wb biology. For example, in one study in Papua New Guinea researchers identified 5 major strains that were widespread and many minor strains some of which exhibit geographic stratification. Genome data, while rare, has been utilized to reconstruct evolutionary relationships among taxa of the Onchocercidae (the clade of filarial nematodes) and identify gene synteny. Their phylogeny reveals that speciation from the common ancestor of both B. malayi and Wb occurred around 5-6 millions years ago with shared ancestry to other filarial nematodes as recent as 15 million years ago. These discoveries hold promise for gene discovery and identifying drug targets in species that are more amenable to in vivo experiments. Continued technological developments in whole genome sequencing and data analysis will likely replace many other forms of molecular typing, multiplying the amount of data available on population structure, genetic diversity, and phylogenetics. Once widely available, the addition of population genetic data from genomic studies should hasten the elimination of LF parasites like Wb.
from the addition of population genetics statistics and phylogenetics especially in dealing with elimination programs. A comprehensive review focusing on population genetics of filarial nematode does not yet exist.
Here our goal is to provide a current overview of the molecular epidemiology of Wuchereria bancrofti (Wb) the primary causative agent of LF. We begin by reviewing studies utilizing molecular typing techniques with specific focus on genomic and population datasets. Next, we used whole mitochondrial genome data to construct a phylogeny and examine the evolutionary history of the Onchocercidae. Then, we provide a perspective to aid in understanding how population genetic techniques translate to modern epidemiology. Finally, we introduce the concept of genomic epidemiology and provide some examples that will aid in future studies of Wb.
Lymphatic Filariasis and Wuchereria bancrofti
Wuchereria bancrofti (Wb) is the main causative agent (>90% of cases) of lymphatic filariasis (LF) (>90% of cases) (Farrar et al., 2013) . LF is a debilitating disease affecting more than 120 million in 73 countries, with over 1.39 billion people living in endemic area for LF ("World Health Organization Global Programme to eliminate lymphatic filariasis: progress report on mass drug administration," 2012). Currently there is a massive undertaking by the World Health Organization (WHO), the global program to eliminate lymphatic filariasis (GPELF), to eliminate LF and its causative agents (Wb, Brugia malayi, B. timori) , through a combination of mass drug administration (MDA) and integrated vector management (IVM) ("Progress Report 2000 and Strategic Plan 2010 -2020 of the Global Progamme to Eliminate Lymphatic Filariasis: halfway towards eliminating lymphatic filariasis.," 2010). The current goal of GPELF is to eliminate LF by the year 2020. Progress towards this goal is promising, with 3.9 billion doses of medicine distributed to people in 65 countries (12 in post-MDA surveillance) ("Progress Report 2000 and Strategic Plan 2010 -2020 of the Global Progamme to Eliminate Lymphatic Filariasis: halfway towards eliminating lymphatic filariasis.," 2010). However, while many countries have moved toward surveillance stages after >5 rounds of MDA, some countries remain stymied by infrastructure and geography ("World Health Organization Global Programme to eliminate lymphatic filariasis: progress report on mass drug administration," 2012).
Detection and Molecular typing of W. bancrofti

Detection of W. bancrofti
A variety of assays are available to diagnose and/or monitor LF infection in populations (see review in McNulty et al. 2013) . Some of the assays are species specific, such that they can also identify the causative agent of the infection (Wb, B. malayi, or B. timori) . Thus, accurate diagnosis has direct feedback on the ability to effectively treat LF and evaluate future risk. Here we provide a brief summary, in mechanism mostly, of common diagnostic tests. As we are mainly concerned with detection of Bancroftian filariasis, we focus on detection methods specific to Wb. We therefore point interested readers to McNulty et al. 2013 for methods covering both Bancroftian and Brugian Filariasis detection. (Farrar et al., 2013) . While useful alone, microscopy is also valuable as verification in combination with other methods (e.g. paired with antigen tests). Though there are many accepted methods to count Wb microfilaria (MF) in human blood smears (e.g. thick smear, thin smear etc.…), the accuracy is dependent on the experience of the observer. We point the reader to Manson's Tropical Diseases 23rd Edition (Farrar et al., 2013) for further details.
Microscopy-Microscopy is by far the most widely used of the assays to verify infection with Wb
Antigen tests-Adult worms of
Wb cannot be directly observed while in humans (with the exception of ultrasonography of worm nests in the scrotum). However, we can detect the presence of Wb with semi-quantitative assays for circulating parasite antigen. These assays use monoclonal antibodies raised against related species of nematodes (e.g. Dirofilaria immitis) with antigenic targets that cross-react with human antibodies to Wb. Recent assays have vastly improved the sensitivity and specificity of antigen tests .
2.1.3 DNA based tests-Early efforts to improve diagnostic sensitivity and specificity of filarial parasites were first accomplished by identifying DNA sequences repeated in the parasite's genomes (Erttmann et al., 1987; McReynolds, 1986) . Identification of these sequences and the technological advance of the polymerase chain reaction (PCR) enabled development of numerous different assays that made it possible to perform large-scale prevalence surveys on parasitic nematodes including B. malayi (Lizotte and Supali, 1994) , Wb (Zhong et al., 1996) , Onchocerca species and strains (Meredith et al., 1991; Zimmerman et al., 1993 Zimmerman et al., , 1992 and Wb (Fischer et al., 2003; Williams et al., 2002) .
Antibody tests-The
BmM14 antibody capture assay has recently become standardized and commercially available, enabling its consideration for broader application to GPELF (Ramzy et al., 1995; Weil et al., 2011) . In addition, an alternative recombinant protein (Wb123) has been developed that is highly immunogenic and specific to Wb L3 and made into a rapid, high-throughput point-of-care assay of LF exposure (Steel et al., 2012) . Serologic markers of exposure, particularly in sentinel sub-populations with low LF exposure prior to MDA, are believed to represent the greatest statistical specificity for LF monitoring, as they have high sensitivity and specificity to capture LF exposure in sentinel sub-populations (Steel et al., 2012; Tisch et al., 2008) .
Molecular Typing of W. bancrofti
In addition to improving the detection of the parasites from biological samples, PCR-based assays make it possible to develop strategies to identify and study sequence variations to distinguish between related species and strains. For example, sequence variations in O. volvulus were first used to distinguish between forest and savannah strains, the former associated with mild onchocerciasis and the latter with severe blinding forms of the disease (Zimmerman et al., 1992) .
A caveat of molecular typing methods is that we must account for the complexity of infection (COI). The complexity of infection refers to the condition where more than one genetically distinct individual is present in the infection (Volkman et al., 2012b) . In Wb infection at least two individual adult worms must be present for MF production. COI inherently complicates population genetic analysis that assumes a single haploid or single diploid individual in the sample. COI has been handled with a multitude of pre-and postsequencing methods. Pre-sequencing methods focus on diluting the sample before DNA sequencing (Peters et al., 2012) or isolating amplified fragments by vector-based cloning (Small et al., 2013) . Post-sequencing methods focus on reconstructing parasite haplotypes (Beerenwinkel and Zagordi, 2011) or summarizing data based on only major alleles (Volkman et al., 2012) . We mention it here, as a brief aside, because it is an issue that must overcome before parasite sequencing can be deemed high-throughput.
2.2.1 Non-sequence based DNA variation-One of the simplest methods to query DNA variation is to construct a unique fingerprint of the individual. In regard to Wb infection this is to include the entire population of Wb worms in a single host, hereafter called an infrapopulation. The fingerprint can be constructed using restriction digests (RFLPs) or randomly amplified lengths of DNA (RAPDs). The benefit of these techniques is that they require little prior data for the organism of study. The drawback is that the data can be difficult to analyze and can only resolve the presence/absence of an allele at a site and not the genotype.
One of the first studies to study genetic variation within populations of Wb infrapopulations took place in India in 2002 (Kumar et al., 2002) . Kumar et al. used RAPDs to query the amount of genetic variation within and among three populations infected with Wb: one urban population and two rural populations. Their results demonstrated for the first time that genetic variability among infrapopulations from same location could vary greatly. The population of infected individuals within the rural village of Athipakkam was six times less variable than that in either the urban area of Pondicherry or rural village of Chinnanergunam. They explain this observation by noting that the village of Athipakkam was only recently infected with Wb and has yet to undergo chemotherapy, while the other locations have been under active treatment with diethylcarbamazine (DEC). Hoti et al., returned in 2008 to resample the same three populations, with the addition of the rural village of Alampoondi . The results in 2008 largely mirrored those found earlier. Hoti et al. recovered higher genetic variation in the urban area of Pondicherry than the surrounding rural villages. They also determined that genetic similarity was greater between urban and geographically proximate rural villages. They conclude that high migration into Pondicherry from the outlying rural villages has increased genetic variation of the Wb.
A second study by Thangadurai et al. used RAPDs to characterize geographic variation in genotype (phylogeography (Avise, 2000) ) from 71 MF positive individuals residing in 8 geoclimatic regions of India (Thangadurai et al., 2006) . Overall genetic variation was similar within regions with heterozygosity ranging from 0.29 to 0.39. Average genetic differentiation was high among all regions with an average G st of 0.5859. An estimation of gene flow indicated the presence of 2 isolated Wb strains: strain 1 on the eastern side and stain 2 on the western side of the Western Ghats mountain range. A regional test of genetic differentiation between east and west strains was highly significant with an F st of 0.7978.
The authors determine that high differentiation is due to very little gene flow, possibly because travel is hampered by the thickly forested mountain ranges. The eastern side strain was also recognized as the major parasite in the country spanning from the eastern peninsular region to the northern plains.
A final study in India utilized RAPDs to examine the genetic variability between diurnally sub-periodic Wb infections in the Nicobar group of Islands . Dhamodharan et al. collected blood samples from 40 MF positive individuals residing in eight locations on five different islands. They conclude that the biting cycle of the two primary vectors, Culex quinquefasciatus (nocturnal) and Ochlerotatus niveus (crepuscular), is driving incipient speciation between Wb strains exhibiting different periodicities. Noting that Wb utilizing the crepuscular vector has a bimodal peak in capillary densities.
2.2.2 DNA sequencing-Sequencing has replaced most other forms of data involving DNA, surpassing methods using restriction sites or randomly amplified fragments. DNA sequence allows the direct imputation of genotype as well as a multitude of statistical test based on detecting natural selection via amino acid changes. Here we review the handful of studies that have used DNA sequence to infer infection dynamics of Wb. One useful distinction is the difference between putatively neutral loci-not under the influence of selection (typically not protein coding) and protein coding loci that may or may not behave in a neutral manner. Most population genetic models assume that natural selection is not acting to change allele frequencies and therefore assumptions based on selected loci may be incorrect.
One of the first studies to report DNA sequence data was by Schwab et al. in 2005 (Schwab et al., 2005 ). Schwab's main goal was to detect the presence of albendazole resistance in the β-tubulin gene. Albendazole is a widely used anti-parasitic drug that targets the parasites ability to construct microtubules (Lubega and Prichard, 1990) . There are two main positions noted for high-affinity binding of Albendazole: codon position 167 and 200. A mutation altering the amino acid from phenylalanine to tyrosine is known to confer resistance. A previous study in India in 2003 had failed to find the codon 200 substitution using infrapopulations from 14 patients (Hoti et al., 2003) . The authors remark that pooling samples reduces the ability to detect rare mutation and therefore the 2003 may not have had sufficient power to reject the presence of drug resistance. Similarly a study in India in 2009, focusing on exons 5 and 6 of the β-tubulin gene, also failed to detect the codon 167 or 200 substitution in 55 Wb isolates (Hoti et al., 2009 ). Schwab et al. developed an assay to query codon position 200 of the β-tubulin gene, specifically searching for the phenylalanine to tyrosine substitution. Schwab et al. utilized populations of Wb infected individuals from treated (400mg albendazole in combination with 200 μg/kg ivermectin) and untreated areas in Burkina Faso and Ghana. For all assays they tested individual MF separated from the infected blood sample. In the four populations from Burkina Faso, Schwab et al. observed the resistance allele at 26.2% frequency in untreated populations, 60.2% in populations treated once and 86.2% in populations treated twice with the drug combination. In the two Ghana populations, neither of which has ever received treatment, Schwab et al. observed the resistant allele at a frequency of 2.7% and 0.33%. Concluding that these untreated regions may provide a challenge for future elimination efforts.
Churcher et al. in 2008 made additional inferences using the data of Schwab et al. (Churcher et al., 2008) . Citing an excess of homozygosity caused by non-random mating, they determined that the alleles at codon position 200 were not within Hardy-Weinberg equilibrium (HWE) among host populations. The insight provided by Churcher et al. was that the inherent inbreeding would speed up the fixation of a resistance allele in a population. However given that natural selection tends to drive alleles to fixation, their assumption of inbreeding based on excess homozygosity and HWE may not be incorrect.
Besides searching for the presence of known resistant variants, DNA sequencing has also been used to assess the suitability of new drug targets. The glutathione S-transferase (Wb-GST) gene is a promising drug target for control of Wb (Sakthidevi et al., 2013) . Wb-GST represents a major class of genes responsible for production of detoxifying enzymes involved in lipid peroxidation, a defense against the host oxidative stress environment. Sakthidevi et al. characterized the genetic diversity in Wb-GST in four endemic regions of India. They discovered three variant Wb-GST alleles, confirming that there is natural variation in the parasite population. Subsequent kinetic experiments demonstrate that allelic variants posses different affinities to well-known GST inhibitors such as S-hexyl glutathione, ethacrynic acid, plumbagin, and curcumin (Srinivasan et al., 2009 ).
All of the above studies have dealt specifically with nuclear DNA but mitochondrial DNA (mtDNA) has unique advantages to the study of Wb. First, mtDNA is organelle based making it higher copy number than nuclear DNA. Second, mtDNA is haploid, eliminating the confounding problems of recombination in analysis. Third, mtDNA is maternally inherited, which makes the effective population size-geometric population size over time, 4 times smaller than nuclear DNA. Since the speed of genetic drift is proportional to the inverse of effective population size, this means that genetic differentiation is detected earlier in mtDNA. Also, typically, but not always, mutation rate is higher in mtDNA, creating a better molecular clock for recent evolutionary events (Avise et al., 1987) . Because of these reasons, the mitochondrial genome has been used regularly for molecular epidemiology studies to characterize population diversity, track migration, and infer relationships between geographically separated population clusters. For example mtDNA polymorphisms have been used in nematode parasites to show contrasting levels of diversity, such as low-level variation in Strongyloides ratti (Fisher and Viney, 1996) and high-level variation among Ascaris spp. (Anderson,1995) . Small et al. in 2013 used the Wb mitochondrial gene cytochrome oxidase 1 (COX1) to infer the genetic diversity and genetic differentiation between populations of Wb (Small et al., 2013) . They sequenced and cloned the COX1 gene from 16 people infected with Wb selected from each of 7 villages that encompassed both high and moderate annual transmission potentials. Out of 487 sequences, they observed 203 unique COX1 haplotypes, with a single haplotype appearing in 93% of all infections. Similar to Kumar et al., they observed high genetic variation within infrapopulations with up to 4-fold differences in diversity between different individual infections. Unlike previous studies in India, they did not find significant genetic differentiation between populations allocating instead most variation within infrapopulations. Instead proposing that either recent mixing or high migration among sampled localities had homogenized infections. A haplotype network confirmed this assumption showing that most haplotypes appear in all populations. Further analysis using k-means clustering established a connection between geographic proximity and genetic difference as well as highlighting several outlying individuals as possible immigrants from outside the study area. Finally, Small et al. used the sequence data to test whether MDA had any significant effect on genetic diversity. While they found no significant deviation from the null model, they determined that more loci are needed before the genetic effects of MDA could be realized.
2.2.3
Genomic sequencing-Wb falls far behind the other filarial nematode in available genomic data. To date only a single whole genome sequence has been published (Desjardins et al., 2013) with two more studies publishing only mitochondrial genomes (McNulty et al., 2013; Ramesh et al., 2012) . The paucity of genomic data stems from the difficulty in obtaining sufficient genetic material. Typically only MF are easily obtainable, with adult worms only accessible through invasive surgeries (MF lack sufficient genetic material to be sequenced without PCR or whole genome amplification). Further complicating genome sequencing is the problem of complexity of infection (COI) (see Molecular Typing), which makes genomes from pooled samples indecipherable. (Desjardins et al., 2013) . In contrast to Loa loa genome that is enriched for hyaluronidases; believed useful for tissue penetration in the highly mobile adults life stage (Desjardins et al., 2013) . The genomic difference, while slight, provides evidence that some biology is reconstructed from genome sequence.
The first mitochondrial genome (mtgenome) of Wb was published by Ramesh et al. in 2012 (Ramesh et al., 2012 . Ramesh et al. sequenced three mtgenomes, one each from Mali, PNG, and India. Other than reporting on the gene content and tRNA structure, which can be found in (Ramesh et al., 2012) , they also reconstructed the evolutionary history between the three regions. Ramesh et al. concluded that Wb most likely originated in Africa and later migrated to India and PNG, however more sequence data is needed to reject a hypothesis of recent gene flow.
Evolution and Phylogeny of W. bancrofti
Our interest in examining the phylogeny of the filarial nematodes (Animalia:Nematoda:Secernentea:Spiruria:Spirurida:Filarioidea:Onchocercidae) is to determine the evolutionary relationship between extant species for the purpose of comparative analysis. For example, B. malayi is closely related to Wb and can be cultured in non-human species, whereas Wb and Loa loa are dependent on primate hosts. If we are to leverage information collected from lab experiments on B. malayi to help us better understand Wb, then it is necessary that we undertake a detailed analysis of their evolutionary relationship.
Mitochondrial Genome Phylogeny
The most complete mitochondrial genome phylogeny to date included 65 species of nematodes (Liu et al., 2013) . To utilize the continuous publications of mitochondrial data, we searched GenBank for published mitochondrial genome sequences of nematode species (search terms: ("Nematoda" [Organism] [All Fields]) . We found complete mitochondrial genomes for 78 species of nematodes, an increase on the most recent mitochondrial phylogeny (Liu et al., 2013) . A translational alignment of the 78 nematode species produced a dataset 12,160 nucleotides in length. The alignment was generated using only the 12 concatenated protein coding genes common to all nematodes (for an example using Wb see Ramesh et al., 2012) , since an exploratory data analysis showed no improvement by including the transfer RNAs or ribosomal RNAs in the analysis.
We constructed a Bayesian phylogenetic tree using the aligned mitochondrial genomes and the program BEAST 1.7.5 (Drummond et al., 2012) . The following settings in BEAST 1.7.5 were found to yield the highest tree likelihood: generalized time reversible model (GTR) with 4 rate categories, lognormal relaxed clock, Yule process speciation model, and a UPGMA starting tree. To estimate divergence times, we used the mitochondrial mutation rate of Pristionchus pacificus (Molnar et al., 2011) and the estimated divergence time of 100 million years between Caenorhabditis elegans and C. briggsae (Stein et al., 2003) . The resulting model was run 3 independent times for 50 million generations each. Results were combined using LogCombiner 1.7.5.
The relationships among taxa were found to be in broad agreement with previously published datasets utilizing fewer samples (Liu 2013 , Park 2013 . Therefore, we will forego discussion of the general topology and instead focus on the order Spirurida, which contains the family Onchocercidae (filarial nematodes). As noted in prior publications also utilizing the mitochondrial genome, there are some discrepancies between the rDNA and mitochondrial topology. For the filarial worms this concerns the asserted monophyly between the Spirurida, Ascaridida, and Oxyurida. In our phylogeny as well as others (Liu 2013 , Park 2013 there was no support for a common ancestor between the three orders. There was more support for the monophyly between the Spirurida and Oxyurida, with the Ascaridida nested within the Rhabditida (also found in Liu 2013 , Park 2013 . The main result of the non-monphyletic relationship is then the independent origin of host mammalian and bird host preference.
Divergences and Most Recent Common Ancestor (MRCA)
Knowledge about when two species most recently shared a common ancestor (MRCA) provides a context to their evolutionary relationship. Wb and B. malayi are both causative agents of LF and share similarities in morphology, host choice, and geographic distribution (see McNulty et al., 2013 for a summary). Based on the mitochondrial genome, Wb and B. malayi are relatively young species with MRCA as recent as 12.5 (2.5-30) million generations ago (mga). Given estimates of generation time for Wb (8 months) and B. malayi (2-3 months) (Farrar et al., 2013) , this was likely 4-6 million years ago (mya) (Figure 1 ). Given this relatively recent divergence, it is possible that by studying B. malayi, we can gain insight into the life history of Wb (Aliota et al., 2011; Laney et al., 2010) . Other interpretations of this divergence time are speculation, but future studies may want to examine the possibility that Wb and B. malayi began to diverge at the same time as the common ancestors of human and chimpanzees. The geographic distribution of Wb and evidence from the mitochondrial genomes of Africa and PNG (Ramesh et al. 2012) , provide limited evidence to this end.
While the mitochondria provided robust support for topology, the divergence time estimates have large credible intervals. Relying solely on estimates of mitochondrial mutation rates lead us to underestimate divergence time between C. elegans and C. briggsae (22.08 mya using mitochondrial mutation rate versus 80 mya in Stein et al). The discrepancy is likely due to rate variation among the lineages as well as 3 rd position mutational saturation of the mitochondrial genome. It is likely that the parasitic nematodes mutate faster than free-living nematodes due to host immune pressure and free-radical exposure in vivo (Holterman et al., 2006) . We considered rate variation when estimating divergence times and are more confident in our estimates for younger species pairs than we are for deeper divergences. A solution would be to use multiple independent genes, since the mitochondria has only a single history, and more than a single calibration time. This is difficult on two accounts. First, given the species diversity in the nematodes it would be difficult to sample genes evenly across the taxa. Second, given the soft bodies of the nematodes, little fossil evidence exists for secondary calibration.
Ancestral State of Host Preference
Along with estimating a MRCA between species, we can also examine other traits with reference to the phylogeny, such as shared host preference. The known host specificity of extant filarial nematodes is primarily mammalian, with the single nested outlier species Chandlerella quiscali. C. quiscali parasitizes the common grackle (Quiscalus quiscula)-a widespread bird species in North America. Based on the ancestral reconstruction it is likely that C. quiscali evolved the ability to parasitize birds after diverging from L. loa. This acquisition of bird host preference is also independent of other parasitic nematodes such as Ascaridia galli-a well-known parasite of chickens. It is not clear how often along the phylogeny host switching among the filarial nematodes may have occurred or if the rate of trait loss and gain is of equal probability (Cunningham, 1999) . A definite problem is the large amount of sampling bias, favoring nematode parasites of economic importance especially mammalian parasites. However, given estimates of the human-chimpanzee divergence-6 mya (Patterson et al., 2006) -it is likely that the MRCA of Wb and B. malayi was infecting non-human primates. This is also borne out of data showing that B. malayi can be made to parasitize non-human primates (Farrar et al., 2013) . The specialization onto human hosts may have then taken place more recently in the evolutionary history of Wb as there is an extant species, W. kalimantani, that are presumed to parasitize non-human primates (Palmieri and Purnomo, 1980; Zhong et al., 1996) , the necessary consideration in the evolution of host preference is that of exaptation. If B. malayi, which is closely related to Wb, retains functional adaptations to allow host generalization, then so too might Wb. Comparisons among filarial nematodes capable of infecting multiple hosts may lead to insight into functional gene classes that control host specialization. This is a necessary consideration during any treatment program to prevent reservoir populations of parasites from surviving.
Molecular Epidemiology and Population Genetics
Population genetics have proved to be a valuable tool in deciphering the evolutionary history of parasites as well as improving knowledge of infectious disease epidemiology (Steinauer et al., 2010; Volkman et al., 2012a) . Genetic analysis can provide a glimpse into the epidemic history of a parasite that can complement epidemiological analysis or even in some cases replacing missing surveillance data (Dearlove and Wilson, 2013; Didelot et al., 2014) . With the advent of polymorphic molecular markers for Wb, it is now possible to apply population genetic analysis to LF. Thus, we now have the ability to answer questions like:
• Does strain distribution vary by infection or disease prevalence?
• Does strain distribution vary by location?
• Can strains be tracked to detect transmission patterns?
• Can strains identify sources of re-introduction?
• What are the dominant strains of Wb in specific locations?
• Does strain distribution change after MDA or vector control?
• Can we detect strains resistant to intervention via MDA or vector control?
In the following sections, we briefly introduce some common population genetic statistics and their utility to molecular epidemiology. We illustrate concepts by using the COX1 sequences available from Small et al. 2013 on GenBank (KC558603-KC559091).
Genetic Diversity and Life History
In the above section (2.2 Molecular Typing of Wb), we have seen numerous examples of high genetic diversity in Wb populations. Yet, the measure of genetic diversity only provides us with a description of the molecular variation at the sequence level. What we are truly interested in is determining which mechanistic processes could have given rise to similar values of genetic diversity. One of the simplest ways for epidemiologists to think about genetic diversity is in the context of effective population size. In definition effective population size is a simplification of a complex biological population to one that fits a mathematical model. In practice it can be thought of as the geometric mean of a population over time (for an overview see Hamilton, 2010) . Effective population size is useful because it can be mathematically modeled to test the influence of actual infection dynamics and recover information on life history such as reproductive variance, mating system (Tibayrenc and Ayala, 1991) , and inbreeding. For example, under the coalescent theory models of effective population size have been built to explore population size fluctuations, population subdivision, and admixture.
Certain aspects of the Wb life cycle directly influence effective population size namely the long reproductive lifespan of adult worms (estimated to be approximately 5 years (Farrar et al., 2013) ) and possible polyandry. Though polyandry has not been shown experimentally for Wb, other species of nematodes exhibit polyandrous reproduction where a single female reproduces with many males (Redman et al., 2008) . The long reproductive lifespan confounds generational divisions, typically increasing inbreeding (in small populations) and reducing overall effective population size. Polyandry, on the other hand, generally increases effective population size relative to monogamy. However, if there is a large amount of paternal skew (few males contributing to large portions of the offspring), then polyandry may actually lower effective population size (Holman and Kokko, 2013) . Both these factors function independently of infection dynamics to influence effective population size.
Transmission as Gene Flow
Wb distribution can be extremely focal and heterogeneous across small geographic areas ("World Health Organization Global Programme to eliminate lymphatic filariasis: progress report on mass drug administration," 2012). In PNG the disparities in distribution have also recently been affected by MDA that has varied in population coverage, individual participation, and distribution frequency (Bockarie et al., 2002) . This has resulted in regions that have been effectively cleared of Wb transmission located adjacent to regions in which transmission continues. Traditionally, transmission is measured by the incidence of new cases in sentinel populations and detection of Wb in captured mosquitoes. Problematic is when prevalence is low, for example after an MDA, where detecting transmission is difficult. Here we will illustrate a method to utilize population genetic analysis on gene flow to estimate transmission. We believe this may prove useful in follow-up surveillance of MDA areas ("Progress Report 2000 and Strategic Plan 2010 -2020 of the Global Progamme to Eliminate Lymphatic Filariasis: halfway towards eliminating lymphatic filariasis.," 2010).
We begin our explanation by defining transmission as the process by which Wb worms move between human hosts. Since hosts effectively act as populations of parasites (i.e. infrapopulations), transmission can be characterized by measuring the change of allele frequencies in infrapopulations across time. This is essentially analogous to gene flow-the movement of alleles-between individuals and therefore represented as genetic differentiation (Churcher et al., 2008; Gilabert and Wasmuth, 2013; Small et al., 2013) . The difference between the infrapopulation genetic diversity to that in component populations will thus reflect the rate of transmission (Dearlove and Wilson, 2013 provide examples using meta-population models). For example, in areas where transmission rate is high, we would predict genetic differentiation between infrapopulations to be small (e.g. allele prevalence and frequencies are similar), owing to the homogenizing effect of gene flow. Furthermore, we predict that the ratio of infrapopulation genetic distance to that of component populations (within population to among population) should asymptotically approach unity as gene flow, and analogously transmission, increases.
To translate ratios of genetic differentiation into terms of transmission, we construct a simple model to estimate the amount of transmission needed to observe similar amounts of genetic differentiation (Figure 2) . Figure 2 provides a visual illustration of this model for scenarios of high and moderate transmission, similar to PNG (Bockarie et al., 1996) . Figure  2A represents high transmission as a genetic genealogy. Thin horizontal lines connect similar shaded circles, where circles represent specific Wb strains and frequencies. The height of each genealogy (in time) reflects the genetic similarity between two infrapopulations, while the heavy vertical arrows represent transmission events. The model has two unknown parameters which we will estimate, i) the height of the genealogy and ii) the rate of transmission events. In reality, we would predict the high transmission model to have a shorter genealogy and more transmission events owing to greater observed genetic similarity, compared to the moderate transmission model ( Figure 2B ).
In the context of Figure 2 , we can use information on the observed genetic similarity between infrapopulations in the same locality to estimate transmission rates. Our observed value of genetic similarity from our published PNG dataset (genbank KC558603-KC559091) is 0.9173 for high transmission and 0.8341 for moderate transmission (Small et al., 2013) , This observation supports our earlier premise of higher transmission increasing homogenization. Next we use the software ms (Hudson, 2002) , to simulate different values genealogies under the model in Figure 2 . We analyze the resulting simulations with reference to our observed values of genetic differentiation using the R package abc (Csilléry et al., 2012) to predict the values of transmission best supported by the data.
From our simulations, we find that the highest posterior densities support transmission rates of 5-7.5 MF and 0.5-1.5 MF per generation for the high and moderate transmission communities, respectively. If we wish to compare our estimates to those from more traditional methodologies, such as annual transmission potential (ATP), we must extrapolate our estimates to the same units of MF/year. Thus, if we estimate generation time for Wb to be between 3-12 months (1-4 generations per year) we can extrapolate that on average 6-24 MF are being successfully transmitted per year in the high transmission community, and on average1-4 MF in the moderate transmission communities. This provides a slightly different estimate of transmission in comparison to traditional estimates of ATP, since ATP does not take into account survival to reproductive adults. A study on transmission for similar communities in PNG, estimate transmission rates of 140MF/year for high transmission, down to 7 MF/year for moderate transmission communities ).
Our example model of transmission (Figure 2 ) is over-simplified by assuming i) individual infection genetic diversity is the effect of multiple transmission events, ii) all individuals are equally available to vectors, and iii) vectors are equal in their ability to transmit parasites. Given the inherent flexibility of coalescent models (see section 4.4 Coalescent Models), layers of complexity can easily be added to our model in Figure 2 . Genetic estimates of transmission should not be a replacement for rigorous vector surveillance, especially with the recent tools to detect infective mosquitoes (Laney et al., 2010) , but should be recognized as a supplemental tool that, with proper calibration, can even be used to estimate transmission in areas previously unexplored.
Admixture as Migration
Human migration has a direct effect on the size of a treatment unit. If populations are highly mobile, then a multi-community area may in fact behave like a single community. Under this scenario, a previously treated community may experience a relapse when infected individuals from untreated communities immigrate. Furthermore, infected individuals may move between these regions such that an uninfected individual may acquire infection in a region with ongoing transmission. Traditionally, migration is recorded using surveys asking individuals where they previously resided. Yet we can also leverage information about migration directly from the Wb infection itself. We can detect the past movements of infected migrants and assign them to an origin community through the characterization of unique alleles segregating in each infrapopulation.
Let us begin by assuming that Wb worms can diffuse across a landscape in two ways i) via dispersal of vectors and ii) by migration of infected individuals. Human migration and vector dispersal will both contribute to genetic differentiation in the Wb population, but in different ways. For example, in PNG the vector of Wb, mosquitoes of the Anopheles punctulatus species complex, are estimated to have a flight distance of <2 Kilometers (Bockarie et al., 1996) . Therefore, communities that are farther than the average flight distance should logically have little mixing of Wb by vector dispersal alone. Also only a small number of Wb worms are transported with each mosquito bite-on average 1-3 infective L3 larvae per mosquito (Erickson et al., 2013; Hairston and De Meillon, 1968) . If we weigh this in contrast to human migration, whereas humans can easily move 2 Kilometers or more, and transport a whole population of Wb, we quickly determine that human migration will be more effective at dispersing Wb than vector dispersal.
If an individual were a migrant to a new community, we would expect their Wb infrapopulation to be more genetically similar to their origin community, although this would eventually be homogenized by transmission. In this way we could, hypothetically, detect not just recent migrants but also older migrants as well by taking into account transmission rate. To illustrate this concept, we use sequences from our published PNG dataset (GenBank KC558603-KC559091) to distinguish human migrants.
In Figure 3A we recreate the map of our PNG study community (Small et al., 2013) , where each sampled community is given a unique color. We present two different methods for detecting human migration, i) AMOVA-based K-means clustering (Meirmans and Van Tienderen, 2004) which groups infrapopulations in a such a way as to minimize genetic differentiation within each cluster ( Figure 3B) and ii) admixture analysis (Pritchard et al., 2000) , which assigns individual Wb worms to predefined or inferred communities, one or more, based on the genotype and allele frequency ( Figure 3C ). As shown in Figure 3 , analyses return the highest likelihood (determined by Akaike's Information Criteria (AIC)), of there being four and five distinct populations of Wb in the study area. In Figure 3B , representing the K-means analysis, we keep the colors of the original community (as shown in Figure 3A ), but have now shaded the background to represent clustering; clustering overlap represent duality in assignment. Given the small geographic scale of the study area (12 Kilometers), migration events are difficult to detect. Yet, one clear example of a migrant is seen in the Moihauk resident who most likely emigrated from Peneng. This is evident by referencing upper left corner of Figure 3B where the single Moihauk individual (green symbol) clusters with the individuals from Peneng (black symbols). Other than this clear example, most of the resolution is lost by the high diversity in the Albulum regions. Small et al. 2013 reasoned that this was due to high migration into and out of Albulum, which was also supported by survey data (Krufinta Bun 2012 master's thesis).
Using the admixture analysis, we see a very different picture (Figure 3c ). Whereas K-means always assigns an infrapopulation to a cluster, maximizing the likelihood of K clusters, admixture analysis gives the proportion of each infrapopulation, based on Wb worm assignment to a cluster. Thus, except in extreme cases, admixture analysis will always have greater uncertainty in assignment. In Figure 3C , the admixture analysis represents each of 16 infrapopulations (horizontal axis) and the proportion of assignment (vertical axis). Solid colors represent different groupings, with no relation to colors in Figure 3A . It is evident from the admixture analysis that the Moihauk individuals have a unique genetic component (solid green color), which diffuses into the western communities eventually being almost completely absent in the western most community of Peneng. By comparing Figure 3B to Figure 3C we see only slight evidence of the migration event from Peneng to Moihauk. Yet, we do recover the isolated individual from Moihauk represented in both analyses. The admixture analysis provides a strain specific illustration of migration by tracking specific alleles. Whereas the K-means can only detect a recent migration event that is unidirectional, thus the admixture analysis has more power to differentiate multiple migration events between adjacent communities.
It is clear from this example that detecting migration events using genetic data alone is difficult. However, the admixture analysis can utilize information on known residents available from survey data, which can then be used to infer the migration history of unsurveyed individuals. In general, resolution on migration could be improved through more complete sampling because individuals can only be assigned to a community if the community is characterized in the study. Uneven distribution of genetic diversity may also force less diverse communities to nest within more diverse community, obfuscating the true assignment. Finally, we may find that high rates of human migration, in combination with high transmission, would quickly erase genetic differentiation between communities.
Coalescent Models
Most of the above analyses rely heavily on population genetic models that may not be specifically tailored to Wb. Yet, time and again the standard coalescent model has shown to be robust to variation observed in real biological organisms (for one example see Wakeley et al., 2012) . Given the novelty of coalescent and population genetic analysis in Wb epidemiology, it is uncertain whether the standard coalescent model will correctly reconstruct infection dynamics. However, the coalescent model, in its reduced simplicity, is inherently flexible. This is especially necessary in the study of rapidly evolving RNA viruses like Dengue, hepatitis C, and HIV (Lemey et al., 2004; Pybus et al., 2001; Rasmussen et al., 2014) , where the coalescent model can be made to easily integrate vector transmission and seasonal fluctuations (Dearlove and Wilson, 2013; Rasmussen et al., 2014) .
Future epidemiological studies should consider comparing prevalence data, collected at various time points, with genetic genealogy data collected at the same time. The advantage of this approach is that we can discover which mechanistic factors are important in shaping genetic variation. Then by comparing the ratio of the observed number of infections to the estimated effective population size, we can infer epidemiological factors like the extent of transmission heterogeneity (Magiorkinis et al., 2013) .
Genomic Epidemiology and Population Genomics
Molecular epidemiology has recently undergone a revolution with the advent of nextgeneration sequencing. The cost of sequencing is such that now it is comparable to traditional methods of investigation (Didelot et al., 2012; Köser et al., 2012) . Genomic data brings new relevance to our previous discussion about population genetics and epidemiology. In the above sections we provided examples on how single or multiple loci can be used to obtain information on Wb infections, but it is now possible to sequence an entire infrapopulation from a single infection or sequence multiple infrapopulations from a community. The data from these experiments can be used to reconstruct past prevalence and understand how strains have been transmitted through time. Here we discuss how the accessibility of next-generation sequencing is creating previously unheralded advances in our understanding of infectious diseases.
Historical Prevalence
One of the most important parameters in epidemiology is R 0 , the reproductive number of the disease. Multiple researchers have used genomic data to estimate changes in prevalence over time and thus estimate R 0 , even when surveillance data was unavailable (Biek et al., 2012 (Biek et al., , 2007 Lemey et al., 2004; Magiorkinis et al., 2013; Pybus et al., 2001) . Advances in genomic analysis now allow historic population sizes to be inferred using just a single genome (Li and Durbin, 2011) . The measured change in effective population size through time is then an indication of how the prevalence of the disease has changed through time (Dearlove and Wilson, 2013) . In addition to inferring historic parasite population sizes, we can also use genomic data to reconstruct a spatial expansion (Biek and Real, 2010) . This allows us to predict infection rate, the likely epicenter of an outbreak, and determine any future areas at risk. These parameters are only some of the examples of what is possible with genomics data and as more genomic data is gathered, for a larger variety of parasites, new insights and analysis will be born out.
Transmission and Phylodynamics
Multi-locus genotyping only examines a small part of the parasite genome while wholegenome sequencing (WGS) can capture small numbers of single nucleotide changes, typical of even short time scales. This allows the reconstruction of transmission events, as each generation of parasites undergoes meiotic mutations exclusive from the previous generation. As successful parasites propagate these mutations are passed down through a genomic genealogy. If we collect and sequence parasites over time we can then reconstruct a transmission tree that follows the transmission of individual strains and their descendants (Didelot et al., 2014; Rasmussen et al., 2014; Ypma et al., 2013 Ypma et al., , 2012 . Transmission trees are genealogies substantially differing from phylogenies in their flexibility to within-host infection dynamics (Ypma et al., 2013 (Ypma et al., , 2012 . Rasmussen et al. used this framework to test different hypotheses about dengue serotype 1 (DENV-1) population dynamics in southern Vietnam, successfully reconstructing season variation in prevalence using genomic and epidemiological data (Rasmussen et al., 2014) . Ympa et al. used both epidemiological and genetic data in a combined approach to estimate the transmission tree of the avian influenza A (H7N7) virus epidemic that also provided inference on the relative infectiousness of different sizes and types of farms (Ypma et al., 2012) . Finally, Didelot et al. used a Bayesian method to reconstruct a tuberculosis outbreak and constructing a model of transmission delineating possible sources of infection (Didelot et al., 2014) . All the referenced cases provide evidence of the utility of genomic data, conditioning that genomics cannot wholly replace traditional epidemiology, but may form a useful starting point for investigation.
Conclusion
As epidemiology enters the genomic age, we gain greater power to understand infection dynamics using both population genetic analysis and molecular diagnostics. There is a rich, well-established theory of Wb infection dynamics independent of genetic data but not a comprehensive model integrating both types of data (Michael and Malecela-Lazaro, 2004; Michael et al., 2006; Slater et al., 2013) . Without models relating genetic data to Wb infection, our interpretation and application of genetic data is limited. New models are needed that integrate population genetic inference into current models of Wb transmission and infection. New models will benefit from estimates of population growth, number and frequency of strains, population connectivity across a landscape, and estimates of population sizes. Advanced models have already been used in diseases such as rabies and HCV, where researchers were able to link population size fluctuations with causal events in the history of the disease treatments (Biek et al., 2007; Opgen-Rhein et al., 2005; Stadler and Kühnert, 2013) . For parasitic nematodes, genomics is at its infancy. The future will see further studies utilizing genomics and population genetics coupled with epidemiology that will provide new data and new understanding of infection dynamics, giving insight into new strategies of elimination.
Figure 1. Mitochondrial genome phylogeny of filarial nematodes
The phylogeny was truncated to emphasize relationships within the filarial worms (Onchocercidae) while providing out-group information from other well-known species. The phylogeny was constructed using the program BEAST 1.7.5 (Drummond et al., 2012) with divergence times calibrated using the mitochondrial mutation rate of Pristionchus pacificus (Molnar et al., 2011) and the estimated divergence time of 80-110 million years between Caenorhabditis elegans and C. briggsae (Stein et al., 2003) . Divergence times are placed on each node as a decimal with a coarse scale on the bottom-horizontal of the phylogeny. All times are represented in millions of generations. We reconstructed host preferences by way of ancestral trait inference in BEAST 1.75, after obtaining a well-supported phylogeny (all nodes >95% unless otherwise noted), For each branch and node, colors denote the host preference as well as the inferred state of the most recent common ancestor. Colors correspond to: pink=mammals, red=birds, yellow=plants, green=free-living/bacterial feeders, blue=fish. We note that there is an over representation of mammalian parasitic nematodes on the phylogeny biasing deep nodes preferences. Colors of external branches are therefore extended only as deep as 95% confidence surrounding the ancestral node. Two pieces of important information are gained by sequencing from an infrapopulation. First, we gain information on the number of strains in an infection (represented as different patterned circles). Second, we gain information from the frequency of any specific strain in an infrapopulation (represented by the size of the circles). With this data in hand we construct a simple model of Wb transmission. In this model thin horizontal lines connect similar strains and heavy vertical arrows represent transmission event. The total height of each genealogy (in time) reflects the genetic similarity between two infrapopulations. A) In high transmission areas, the infrapopulations are more genetically similar and therefore the genealogy is shorter. B) In a moderate transmission area, the populations are less similar and the genealogy will be longer. To estimate human migration and subsequently parasite dispersal, we illustrate two different methods (B) K-means clustering and (C) admixture analysis (C). The map in (A) denotes the sampling localities as well as the color designated to each community. Each infrapopulation is then characterized by genotype and allele frequency. B) The optimum number of clusters for the K-means analysis was four, which was found to minimize the genetic variance. Infrapopulations retain the color of their original communities, while background color clarifies clusters. C) For the admixture analysis, individuals are displayed along the horizontal axis with the probability of assignment to a cluster, denoted as percent color. Here the best answer was K=5 clusters.
